Abstract. We propose and demonstrate a fast-response liquid crystal (LC) variable optical retarder or attenuator with several transmission levels. The fast-response LC optical device consists of dual π-cells. The device is designed so that the transition between any two states is controlled by the application of an increased voltage level rather than by applying a lower level. This design offers transition times in the range of tens of microseconds between any transmission states. A limitation of the device is that the time between transitions cannot be arbitrarily short and is typically milliseconds. 1 Introduction A fast-response liquid crystal (LC) optical retarder or an attenuator with multilevel transmission is needed for many applications, where LC devices are considered to be too slow [e.g., in the field of optical communications or for field sequential three-dimensional (3-D) displays of the future].
Introduction
A fast-response liquid crystal (LC) optical retarder or an attenuator with multilevel transmission is needed for many applications, where LC devices are considered to be too slow [e.g., in the field of optical communications or for field sequential three-dimensional (3-D) displays of the future].
The response time of conventional nematic LC devices is usually in the range of milliseconds. Methods have been developed for faster response including polymer-stabilized LC, [1] [2] [3] polymer-dispersed LC, 4 and π-cells. [5] [6] [7] [8] However, the transition time of all of these devices are still in the range of several milliseconds and not sufficient for the high-frame rates needed for multifield sequential displays.
To understand why many previous approaches have not been sufficient in decreasing the response time of LC devices, it is helpful to consider what governs that time. In most LC devices, the director orientation results from the competition between torques exerted by an applied electric field, and the elastic torques resulting from the director are not being uniformly aligned with the surface-imposed orientation. The response time of the device is different for the case of the transition to a more distorted director field with the application of a higher voltage (call this, the voltage-applied transition) than it is to the less distorted director field with the application of a lower voltage (call this, the voltage-removed transition). If we would like to decrease the response time for the first case, an approach is just to apply a higher voltage during the transition, but the response time of the second case is limited by the material properties of the LC material that cannot be chosen at will. Therefore, it is typical that the total response time of a LC device is limited by the time required for transition to the less distorted state when the applied voltage is lowered (or removed).
Therefore, it has been the focus of a great deal of research to modify the material properties of LC materials to decrease the response time. But for many applications, the results of this work have not been sufficient.
Haven
9 has suggested a device modification that solves the problem of having the response time controlled by the voltage-removed transition. He has shown that in a device that consists of two crossed LC cells, that it is possible to have both the optical transition between a state of increased light transmission, and to a state of decreased light transmission be controlled by the response time of the voltageapplied liquid crystal director transition. This is made possible by "optically hiding" the voltage-removed transition by configuring the device, so that it is possible that while the two cells are relaxing together, the net retardation of the device stays zero by having the two cells have the same retardation at each time point during the relaxation.
In this article, we show that it is possible to extend that concept to a device that has grayscale. A device design is presented, where the switching between retardation states of the device is accomplished by increasing the voltages on one of the two paired LC cells. This approach allows for a much faster response than when switching between states is controlled by the elastic relaxation of the LC director field. The device can be used directly as a variable retarder or with polarizers to provide a high-speed multilevel optical attenuator.
Multilevel LC Device Design and Driving Method
Our multilevel device is based on the shutter device concept of Haven. 9, 10 In this section, it is shown that the design of Haven can be extended to a fast-switching retarder and a grayscale LC attenuator. The structure of our fast-response multilevel LC shutter is illustrated in Fig. 1(a) . The fastresponse multilevel LC attenuator consists of two LC π-cells with their rubbing directions orthogonal to each other. For an attenuator application, the two π-cells are sandwiched between crossed polarizers with rubbing direction of each π-cell at 45 deg to the polarizer absorption axis. For cell A, the rubbing direction of the two substrates is in þx direction. For cell B, the rubbing direction is in þy direction. The total phase retardation of two π-cells, φ Total , is equal to The driving scheme of our fast-response multilevel LC attenuator is in Fig. 1(b) . The "frame time" is equal to "transition time" plus "active time." The transition time is the switching time between different levels. The active time is the time that the net retardation level (φ Total ) is constant. The states of LC π-cells in the beginning and at the end of the active time are called initial state and final state. We will show that, during the active time, the LC director field relaxes to its initial state, so the active time must be longer than the cell relaxation time to allow this to occur. In our method, the transition time is limited by the response time of the LC cell when a voltage is applied, and the active time (relaxation time) is limited by the response time of the LC cell when an applied voltage is removed.
In this article, we use an attenuator with five gray levels of transmission as an example. We define the level 1 state as the lowest phase retardation state, and the level 5 state as the state with the highest phase retardation, as shown in Fig. 1(b) .
In the design of an appropriate drive scheme, we use a few basic considerations here: First, we always use a rising voltage to change the state of the π-cells from the final state of previous frame to the initial state of the current frame. So, we always let cell A relax back to the level 5 state, the highest phase retardation state, at the end of each frame. This condition guarantees that we can tune total phase retardation to any level in the next frame by lowering the phase retardation of cell A (by increasing the voltage). Second, in the active time, we need to keep total phase retardation of the two π-cells at a constant value, which is equal to target phase retardation for each frame. And third, to ensure cell B will be able to compensate for cell A during its relaxation to its highest retardation state, we stipulate that cell B is at its lowest retardation value in the beginning of each active time interval.
Equations (1) to (3) are from the above three conditions.
where the superscript i designates the initial state, and superscript f is for the final state.
We now would like to show the method for finding the drive voltages versus time. We can know the level of phase retardation of cell A at the initial state as shown in Eq. (4) by combining Eqs. (1) and (3). 
From Eqs. (2) and (3), we can also know phase retardation level of cell B at its final state, as shown in Eq. (5) . Knowing the phase retardation levels for two π-cells at initial and final states, we can find out corresponding voltages to drive them.
We use one frame with a target phase retardation of gray level 2 as an example shown in Frame 2 of Fig. 1(b) . For simplicity, we can assume that phase retardation of the lowest phase retardation state, φ level1 , equal to 0 and phase retardation difference between any two adjacent levels is equal to Δφ; so φ level1 ¼ 0, φ level2 ¼ Δφ, φ level3 ¼ 2Δφ, φ level4 ¼ 3Δφ, and φ level5 ¼ 4Δφ. The target phase retardation, φ Target of frame , is set up equal to φ level2 and by plugging into Eqs. (4) and (5) we can get
However, in relaxation process with overshoot method, speed of relaxation of the different π-cells is different. In the lower graphs, we show total phase retardation (a) for dark frame; (b) for level 2 frame; (c) for level 3 frame; (d) for level 4 frame; and (e) for bright frame. The simulation is used red light (633 nm), and maximum phase retardation can be larger than π for wavelength of blue light (480 nm).
Optical Engineering 107105-3 October 2013/Vol. 52 (10) Relaxation time of cell A is always slower than or equal to cell B, so the total phase retardation will not be constant. To solve this problem, we need to insert voltage points to be applied to cell B to slow down the relaxation speed during relaxation process. The idea is illustrated in Fig. 2 . As a result, we can keep total phase retardation constant during the relaxation process in the active time. (9)] to calculate the director distribution of the π-cells.
where q 0 ¼ 2π∕p 0 is spontaneous twist, K 11 , K 22 , and K 33 are the splay, twist, and bend elastic constants, D is electric displacement, E is electric field,γ is viscosity, θ is polar angle, ϕ is azimuthal angle, and z is the position in the The steps of our simulation are: First, we pick five retardation levels for our simulation and the corresponding voltage for these five levels. Then, we calculate the phase retardation, φ, of π-cell from director distribution at different voltages by Eqs. (10) and (11) .
where n eff is effective birefringence. Second, we apply voltages to set the director distribution of the π-cells to provide the phase retardation needed for the initial state. Third, we simulate relaxation process of cell A with overshoot method to know how much time we need for relaxation process. Next, we simulate relaxation process of cell B in 10 equal time-length steps. In each step of the relaxation process of cell B, we find the voltage that keeps the total phase retardation constant.
Experiment Approach
We made two π-cells with 5-μm spacers and filled with the LC, MLC 6080, from Merck. We measure transmission intensity of π-cells at different voltages under crossed and parallel polarizers to acquire voltage versus phase retardation data by Eqs. (12) and (13). 13 I ⊥ ¼ I 0 sin 2 ðφ∕2Þ (12)
where I 0 is incident light intensity, φ is phase retardation, I ⊥ and I ∕∕ are transmission intensity under crossed and parallel polarizers, respectively. We measure rising time from level 5 state to level 1 state and relaxation time from level 1 state to level 5 state with overshoot method to determine the maximum transition time and active time of our device.
We modify the value of applied voltage for cell B obtained from the simulation result to minimize divergence of transmission intensity from desired transmission during relaxation process for different gray level frames.
Results and Discussion

Simulation Result
An issue with our fast retarder design is the ability for the retarder to hold the desired value as the cell's director configurations are changing. Figure 3 shows the total phase Fig. 7 Phase response of 5.8-μm π-cell, which is used for fast-response multilevel liquid crystal (LC) shutter that is optimized for 633 nm (red light) application. retardation and value of applied voltage for cells A and B during relaxation process. The maximum phase retardation for bright state could be larger than π for blue light (480 nm) application. For the case of the variable retarder being used as an optical shutter, it is the variation in transmission as defined by Eq. (13) that is an issue. We quantify the deviation from the desired transmission in an active time interval by the quantity η error . The definition of η error is shown in Eq. (14) .
where I max deviation is the maximum transmission difference between the target transmission (I target ) for the frame and the actual transmission. We calculate divergence of transmission intensity η error for gray level 2 to gray level 4 is not larger than 8.78%. Another issue with this device is the effect of the angle of illumination on the retardation. If the retarder is used as a high-speed optical shutter, this issue becomes most significant when considering the dark state transmission. The transmission of the dark frame in the initial state (both cells at retardation level 1) and final state (both cells at retardation level 5) for different light transmission angles is shown in Fig. 4(a) . Figure 4 (a) shows a significant amount of light leakage for light angles larger than 30 deg from the cell normal. It has been shown 14 that passive optical compensators that are a multilayer negative C plate with optic-axis direction corresponding to the LC director in the lowest retardation state of the device can be used to reduce this leakage. However in this case, unlike that previously discussed, we expect the optimum value of the compensator chosen will be different for the initial and final states of the device, and we need to search for the a compromise design of the compensator.
In Fig. 5 , we summarize the information of graphs like that shown in Fig. 4(b) , for different values of the material birefringence of the splayed compensator design of Mori and Bos.
14 We used four compensators in the simulation, where the thickness of each film is equal to half thickness of the LC π-cells. The graphs in Fig. 5 show the maximum transmission of the dark state frame in the initial and final states with the compensator films. We show three different ranges for the angle of transmission direction with respect to the cell normal. The maximum transmission in the dark frame means the highest transmission observed in graphs, as shown in Fig. 4 , within the polar angles given. It can be seen that to have the best dark state within 45 deg, we can use the splayed compensator films with material birefringence equal to −0.1263, because it provides the minimum transmission of the final state, which is the state of the greatest leakage. The transmission at different detecting angles of the LC optical retarder for the dark frame at initial and final states with splayed compensation films whose birefringence is −0.1263 is shown in Fig. 4(b) . The off-axis light leakage is shown to be considerably improved over the case of no compensators.
Experimental Result
In Fig. 6 , we show applied voltages of cells A and B and transmission at different times for our fast-response multilevel optical attenuator when it operates with eight different frames sequentially. For this example, we choose eight target levels to be: white (level 5), black (level 1), level 3, level 4, black (level 1), level 2, white (level 5), and black (level 1) sequentially. The transmission is almost constant during the active times, even though the cells are relaxing during these times. The active time in this example is 1.8 ms, and transition time is 0.65 ms. In the example simulation result, by using three steps in the relaxation for level 4 frame, the η error is about 3.5%.
High-Speed Multilevel Retarder
Because the transition time between retardation levels, or transmission levels, is controlled by the electric field term of Eq. (8), they are approximately proportional to the square of the applied voltage. So while 10 V was used in the above example, a 50-V drive would be expected to reduce the transition time by a factor of 25. Figure 7 shows the phase response for rising and relaxing voltages for 5.8-μm π-cell, which is used for LC retarder optimized for red light (633 nm). In this case, we see that the voltage-applied transition time is approximately 28 ms.
Conclusion
We have shown a design for a fast-response multilevel LC retarder whose switching time is only about 28 μs with 50 V operation voltage, while using obtainable LC materials. The fast-response multilevel LC retarder has a minimum active time that is equal to the relaxation time of the used LC cells that was shown in an example to be 2.20 ms. The device has the potential to be used as intensity modulator in optical communications or field sequential 3-D displays.
14. H. Mori and P. J. Bos, "Optical performance of the pi cell compensated with a negative-birefringence film and an a-plate," Jpn. 
